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Introduction {#sec001}
============

Malignant gliomas are characterized by invasive growth and recalcitrance to current therapies. In contrast to contemporary precision cancer medicine, magnetic resonance imaging (MRI) remains the standard radiographic modality used for brain tumor imaging and is primarily used to determine the extent of tumor involvement pre- and post-treatment. MRI approximates the tumor core by examining the amount of solid tumor enhancement on T~1~-weighted post-contrast images, but poorly evaluates the amount of microscopic tumor infiltration, which is sometimes estimated by increased signal on T~2~-weighted and T~2~-FLAIR sequences. T~2~-weighted and T~2~-FLAIR sequences demonstrate peri-tumoral hyperintense signals that are non-specific and do not distinguish microscopic neoplastic infiltration from edema, myelin loss, or gliosis. These imaging constraints impact the accuracy of diagnostic biopsies and optimal therapeutic utilizations of surgery, radiotherapy, and chemotherapy. For example, a gross total resection is currently defined by surgical removal of all enhancing tumor, despite the understanding that invasive tumor remains. Additionally, accurate interpretation of MRI surveillance studies are complicated by the effects of radiation, surgery, and bevacizumab, all treatments that can cause abnormal enhancement and hyperintense T~2~-weighted and T~2~-FLAIR signal changes that are indistinguishable from residual tumor on imaging \[[@pone.0141659.ref001]\].

While MRI reveals anatomical details, it lacks molecular information specific to glioma growth and metabolism. As an alternative, there is positron emission tomography (PET), a functional imaging technique that enables highly sensitive measurement of molecular processes using radiotracers labeled with positron-emitting isotopes (carbon-11/^11^C; fluorine-18/^18^F). The increased sensitivity of PET, coupled with the ability to produce biologically active tracers bearing PET imaging isotopes, could potentially enable the detection of tumor and small clusters of cells at infiltrative/invasive margins \[[@pone.0141659.ref002]\].

Currently, the FDA-approved glucose analog 2-deoxy-2-\[^18^F\]fluoro-D-glucose (\[^18^F\]FDG) is the most widely applied radiotracer for brain tumor assessment \[[@pone.0141659.ref003], [@pone.0141659.ref004]\]. While \[^18^F\]FDG accumulates in tissues exhibiting elevated glucose metabolism \[[@pone.0141659.ref005]\], high glucose uptake in normal brain can result in poor tumor-to-background ratios that can confound adequate glioma detection. Radiolabeled amino acids such as \[^11^C\]MET (L-methyl-\[^11^C\]-methionine) have been developed as alternatives, and while these agents target tissues exhibiting enhanced amino acid transport and protein synthesis \[[@pone.0141659.ref003], [@pone.0141659.ref006], [@pone.0141659.ref007]\], they can be limited by nonspecific accumulation \[[@pone.0141659.ref003]\]. As such, novel PET radiotracers with improved performance characteristics for functional imaging of glioma are urgently needed.

Representing a different functional target is the translocator protein (TSPO), an outer mitochondrial membrane protein that participates in numerous, native cellular processes and is highly expressed in several types of malignant cells \[[@pone.0141659.ref008], [@pone.0141659.ref009]\]. Moreover, TSPO expression can correlate with glioma tumor grade in certain settings \[[@pone.0141659.ref010]\] and has been linked with disease progression and diminished survival \[[@pone.0141659.ref008]\]. The earliest published evidence in support of the hypothesis that ligands targeting TSPO could be used to detect and grade human brain tumors emerged more than twenty years ago \[[@pone.0141659.ref011]--[@pone.0141659.ref013]\], easily predating molecular studies seeking to elucidate potential roles of TSPO function in tumorigenesis \[[@pone.0141659.ref009], [@pone.0141659.ref014], [@pone.0141659.ref015]\]. These foundational studies demonstrated the utility of \[^11^C\](*R*)-*N*-methyl-*N*-(1-methylpropyl)-1-(2-chlorophenyl)-isoquinoline-3-carboxamide (\[^11^C\]PK11195) as a radiotracer for targeted PET imaging of TSPO within glioma \[[@pone.0141659.ref016]--[@pone.0141659.ref018]\]. \[^11^C\]PK11195 exhibited relatively modest increased uptake in tumor tissue compared to normal brain, despite large differences in relative TSPO expression and high levels of non-displaceable ligand binding.

Our lab focuses on development of novel TSPO ligands with improved characteristics for glioma imaging. Towards this goal, we have evaluated \[^18^F\]PBR06 \[[@pone.0141659.ref019]\] and \[^18^F\]DPA-714 \[[@pone.0141659.ref020]\] in preclinical models of glioma, in addition to novel ligands such as \[^18^F\]VUIIS1008 and a fluorinated analog of SSR180575 \[[@pone.0141659.ref021]--[@pone.0141659.ref024]\]. These proof-of-principle imaging studies demonstrated the potential of TSPO PET to: (1) quantify TSPO levels in tumors and normal brain; (2) visualize a tumor within the normal brain.

In the current study, we demonstrate by immunohistochemical staining that TSPO is highly expressed in human glioma and correlates with grade. In preclinical studies featuring human brain tumor xenotransplants, focal uptake of \[^18^F\]PBR06 in the tumor core and infiltrated white matter tracts of the contralateral hemisphere was detectable by dynamic PET imaging. Notably, this infiltrative growth was not detectable by T~2~-weighted MRI, suggesting that TSPO PET has the potential to address an unmet clinical need in this setting. Furthermore, comparison to \[^18^F\]FDG in a preliminary study showed a level of preferential uptake of \[^18^F\]PBR06 within the tumor tissue that warrants further study. The preclinical studies reported herein suggest that TSPO represents a promising target in human glioma imaging for detection, staging, and therapy.

Materials and Methods {#sec002}
=====================

Human Tissue Procurement {#sec003}
------------------------

Brain tumor specimens for the generation of a tissue microarray and xenografts were obtained from patients treated at Vanderbilt Medical Center in accordance with Vanderbilt University Institutional Review Board approval (IRB \#030372). The Vanderbilt University Institutional Review Board approved the compilation of samples into a tissue microarray (IRB\# 090081). All samples included in the study were derived from patients who had given written consent for tissue collection and this consent method was IRB approved. Primary brain tumors were phenotyped and graded by a neuropathologist using World Health Organization criteria.

Tissue Microarray (TMA) {#sec004}
-----------------------

Immunohistochemistry for TSPO was performed on TMAs containing three tissue cores (1 mm diameter) from each of the 37 high-grade glioma specimens (33 grade IV and 4 grade III), as well as each of the 17 low-grade pilocytic astrocytoma specimens. Five-micron thick sections were incubated with a primary monoclonal antibody for TSPO (Novus, NB100-41398, 1:1500 dilution). Briefly, tissues were deparaffinized, rehydrated, and antigen retrieval performed using a citrate buffer solution (pH 6.0) applied for 15 minutes at 105°C, followed by a 10-minute cool-down to room temperature. A solution of 3% H~2~O~2~ was used to eliminate endogenous peroxidase activity followed by blocking with a serum-free protein blocking reagent for 20 minutes. For detection of primary antibodies, tissue sections were incubated for 60 minutes at room temperature. Subsequently, samples were incubated for 30 minutes utilizing the Envision+ System-HRP Labeled Polymer detection method. Staining was completed after incubation with a DAB substrate-chromagen solution. For each tumor core on the TMA, TSPO staining was scored on an ordinal intensity scale ranging from 0 (no expression) to 3. For each tumor, the average score for TSPO immunostaining was calculated. A patient was considered "low expressing" if the average score of the three cores was less than 1, "moderate expressing" if the average score was 1--2, and "high expressing" if the average score was greater than 2".

Animals and Housing {#sec005}
-------------------

The Vanderbilt University Institutional Animal Care and Use Committee approved all studies involving the use of animals (Approval number M/09/286). Adult male athymic nude rats, weighing approximately 250 g, were obtained from Harlan Laboratories (Indianapolis, IN). Humane endpoints were defined as a loss of more that 10% of body mass, a tumor greater than 1.5 cm for a mouse or 3.0 cm for a rat, or inability to ambulate or rise for food and water.

Orthotopic Xenotransplantation {#sec006}
------------------------------

To establish a preclinical model suitable for small-animal imaging and relevant to the highly infiltrative growth of malignant gliomas, primary xenografts were established orthotopically in NOD/SCID mice \[[@pone.0141659.ref025], [@pone.0141659.ref026]\]. Xenografted mice were euthanized and the harvested brains placed in a slicer matrix (Zivic Instruments, Pittsburgh, PA). Xenografted tumor was then dissected from a 1-mm coronal slice and dissociated with papain (Worthington Biochemical Corporation; Lakewood, NJ). Three high-grade gliomas were passaged into the rats, one WHO grade III astrocytoma (AA 17991) and two WHO grade IV glioblastomas (GBM 12055 and GBM 17182). Dissociated glioma cells (2x10^5^--3x10^5^) were transplanted into the right striatum of athymic nude rats. For transplant, rats were anesthetized with isoflurane and securely placed on a stereotactic frame. Using aseptic surgical procedures, an incision was made in the scalp and a small burr-hole drilled 2.5 mm lateral to the bregma. Glioma cells were implanted 3.5 mm into the right striatum using a Hamilton syringe. Following xenotransplantation, rats were observed for symptoms of tumor engraftment (sustained weight loss) and then subjected to small animal imaging (T~2~-weighted MRI and dynamic PET/CT) and immunohistochemical analysis.

MR Imaging {#sec007}
----------

MRI was used to localize tumors as previously published \[[@pone.0141659.ref019]\]. In brief, rats were secured in a prone position in a 63 mm inner diameter radiofrequency (RF) coil and placed in a Varian 4.7T horizontal bore imaging system (Varian Inc., Palo Alto, CA). A constant body temperature of 37°C was maintained using heated airflow. An initial multislice gradient echo imaging sequence \[repetition time (TR) = 150 ms; echo time (TE) = 3.5 ms; 128 x 128 matrix, 40 x 40 mm^2^ FOV; 2 mm slice thickness\] was used to acquire seven slices in each imaging plane (axial, coronal, sagittal) for proper positioning of subsequent scans. A multislice T~2~-weighted fast-spin echo scan with 8 echoes and 8.6 ms echo spacing was then collected with TR = 2000 ms, 32 x 32 mm^2^ FOV, 128 x 128 matrix, number of acquisitions = 16, and 8 coronal slices of 2-mm thickness. The same anatomical slices were then imaged at the same field of view (FOV) and resolution using a diffusion-weighted spin echo sequence \[TR = 2000 ms; TE = 35.4 ms; number of acquisitions = 8; δ = 4 ms; Δ = 25 ms\] at b-values of 0 and 600 s/mm^2^.

Radiotracers {#sec008}
------------

\[^18^F\]PBR06 was prepared according to published methods \[[@pone.0141659.ref019]\]. Briefly, using a commercial apparatus (TRACERlab FX~F-N~, GE Medical Systems, USA), aqueous \[^18^F\]fluoride ion (\~ 111 GBq) was dried by iterative cycles of addition and evaporation of acetonitrile, followed by complexation with K^+^-K^+^-2.2.2/K~2~CO~3~. The complex was then reacted with *N*-bromoacetyl-*N*-(2,5-dimethoxybenzyl)-2-phenoxyaniline (0.8--1.2 mg) at 100°C for 20 minutes. \[^18^F\]PBR06 was purified using reversed-phase HPLC (C18, Dynamax 250 x 21.4 mm; Varian), eluting at 8.0 mL/min with 15 mM NaH~2~PO~4~ buffer (pH 6.7) and ethanol (47.5:52.5, v/v). \[^18^F\]PBR06 was collected directly into 140 mL of water (deionized), passed through a C18 Sep-Pak, and eluted with ethanol (1.0 mL), then saline (9.0 mL), into a sterile flask. Average radiochemical purity was \>98%, with an average specific activity of 110 TBq/mmol (± 28 TBq/mmol). \[^18^F\]FDG was purchased from PETNet Solutions Inc. (Nashville, TN) and had an average reported radiochemical purity of 98.5% and an average reported activity of ≥ 37 TBq/mL.

PET/CT Imaging {#sec009}
--------------

PET imaging was performed within 24 hours of MR imaging for rats with confirmed tumors. Tumor-bearing rats were administered \~ 70--100 MBq/0.2 mL \[^18^F\]PBR06 *via* a jugular catheter while in a microPET Focus 220 (Siemens Preclinical Solutions; Knoxville, TN). Dynamic images (90 min) were collected, followed by a computed tomography (CT) scan (microCAT II, Siemens Preclinical Solutions) for attenuation correction. For displacement studies, 'cold'/nonradioactive PBR06 (10 mg/kg) was injected *via* jugular catheter 35 minutes after radiotracer administration. The dynamic acquisition was divided into twelve, five-second frames for the first minute, followed by 89 sixty-second frames for the duration of the scan. Data from all possible lines of response (LOR) were saved in the list mode raw data format. The raw data was then binned into 3D sinograms with a span of 3 and ring difference of 47. The images were reconstructed into transaxial slices (128 x 128 x 95) with voxel sizes of 0.095 x 0.095 x 0.08 cm^3^, after applying scatter and attenuation corrections, using an iterative ordered subsets expectation maximization (OS-EM 2D) algorithm with 16 subsets and 4 iterations. Attenuation correction was accomplished by generating an attenuation map (sinogram) from the CT image. The CT image was first co-registered with the microPET image, segmented into air, soft tissue, and bone, and then projected into sinograms with a span of 47 and ring difference of 23.

Twenty-four hours after the \[^18^F\]PBR06 PET scan, the same rat (GBM 17182) was imaged with \[^18^F\]FDG-PET. Animal handling procedures for \[^18^F\]FDG-PET imaging were similar to published protocols \[[@pone.0141659.ref027], [@pone.0141659.ref028]\]. In addition, prior to imaging, the animal was fasted overnight and allowed to acclimate to the PET imaging facility. \[^18^F\]FDG (34 MBq/0.2 mL) was administered *via* a jugular catheter, followed by a 40-minute uptake period in which the rat was conscious and free to move about. Then, a 20-minute static acquisition PET scan was collected in a microPET Focus 220. This was immediately followed with a CT scan for attenuation correction. PET images were reconstructed using the OS-EM 2D algorithm.

Image Analysis {#sec010}
--------------

Time-activity curves were generated by manually segmenting three-dimensional volumes of interest over tumor and contralateral brain using ASIPro (Siemens Preclinical Solutions), avoiding areas of central necrosis if present. Volumes of interest were manually drawn on PET images to determine regions of interest (ASIPro). A rigid registration of static anatomical features was carried out by manually overlaying \[^18^F\]PBR06 PET images onto the MR images.

Preclinical Immunohistochemical Analysis {#sec011}
----------------------------------------

Whole rat brains were harvested and fixed in 10% formalin for 48 hours, followed by paraffin embedding. Tissue sections (5.0 μm thickness) were processed for antigen retrieval and immunohistochemistry as previously described \[[@pone.0141659.ref026]\]. For detection of engrafted human cells, sections were stained with a human-specific vimentin antibody (MAb clone Vim 3B4, 1:200; Dako, Carpinteria, CA). Immunoenzymatic detection was achieved with the HiDef HRP Polymer System (Cell Marque, Rocklin, CA) according to the manufacturer's instructions, using 3,3-diaminobenzidine as the chromogen.

Results {#sec012}
=======

TSPO Expression in Human Glioma Specimens {#sec013}
-----------------------------------------

TSPO immunoreactivity was evaluated in tumor microarrays (TMAs) of pilocytic astrocytoma (WHO grade I) and high-grade (WHO grades III and IV) glioma ([Fig 1](#pone.0141659.g001){ref-type="fig"}). In tumor cells, TSPO appeared to be confined to the cytoplasm and occasionally the nucleus. For the TMA generated from patients with pilocytic astrocytoma, immunohistochemistry (IHC) indicated a low level of TSPO expression, with 16/17 of the specimens scoring as low to moderate, and only 1/17 of the specimens exhibiting high TSPO levels ([Fig 1A](#pone.0141659.g001){ref-type="fig"}). In contrast, higher levels of TSPO expression were detected by IHC in the TMA containing high-grade, malignant glioma specimens. TSPO expression levels were scored as high in 15/37 of the samples, with 21/37 scored as moderate, and 1/37 as low ([Fig 1B](#pone.0141659.g001){ref-type="fig"}).

![Human tumor microarrays (TMAs).\
Pilocytic astrocytoma TSPO immunohistochemistry (A) and TSPO immunohistochemical scoring (C). Glioblastoma multiforme TSPO immunohistochemistry (B) and TSPO immunohistochemical scoring (D).](pone.0141659.g001){#pone.0141659.g001}

A Preclinical Imaging Model for Infiltrative Glioma Growth {#sec014}
----------------------------------------------------------

We previously demonstrated that high-affinity TSPO radiotracers may be used to visualize gliomas by PET imaging in rats bearing C6 glioma cell allografts \[[@pone.0141659.ref019]--[@pone.0141659.ref023]\]. As with other animal models utilizing glioma cell lines cultured in serum (secondary xenografts), infiltrative growth is not maintained in C6 glioma allografts. In contrast, the infiltrative phenotype is recapitulated in primary xenografts in which patient glioma cells are not cultured *in vitro* prior to transplantation \[[@pone.0141659.ref029]\]. We developed a preclinical rat model in which primary human gliomas were initially established orthotopically in NOD/SCID mice, and then passaged into the right striatum of athymic rats. For each of the three primary xenograft lines, IHC with a human-specific vimentin antibody demonstrated dense tumor growth within the injected striatum and infiltrative growth along myelinated fiber tracts (the corpus callosum and the striatopallidal fibers or "pencil fibers") in the contralateral hemisphere ([Fig 2](#pone.0141659.g002){ref-type="fig"}). [Fig 2A--2C](#pone.0141659.g002){ref-type="fig"} show the gross and detailed vimentin IHC of the grade IV glioblastoma (GBM 12055) model.

![Preclinical model of glioma: Human xenotransplantation into athymic rats.\
Primary human grade IV glioblastoma xenotransplant, vimentin immunohistochemistry: (A) Gross; (B) Pencil fibers (40X); (C) Tumor (40X).](pone.0141659.g002){#pone.0141659.g002}

PET Imaging of Glioma and Infiltrative Glioma Growth with \[^18^F\]PBR06 {#sec015}
------------------------------------------------------------------------

Prior to dynamic PET imaging of AA 17991 (Grade III astrocytoma) engrafted rats, tumors were localized with T~2~-weighted MRI. Hyperintense T~2~-weighted signal indicative of advanced tumor growth were observed in the right hemisphere where the tumors cells were implanted ([Fig 3A](#pone.0141659.g003){ref-type="fig"}). Subsequent PET imaging revealed intense \[^18^F\]PBR06 uptake not only within the tumor implanted in the striatum of the right hemisphere ([Fig 3B](#pone.0141659.g003){ref-type="fig"}, right arrow), but also distally in the left corpus callosum ([Fig 3B](#pone.0141659.g003){ref-type="fig"}, left arrow), as revealed by the MRI-PET overlay ([Fig 3C](#pone.0141659.g003){ref-type="fig"}). The signal indicated by the bottom arrow in [Fig 3B](#pone.0141659.g003){ref-type="fig"} is likely due to \[^18^F\]PBR06 binding of the dorsal third ventricle, an area with known high TSPO expression and high \[^3^H\]PK11195 binding \[[@pone.0141659.ref030]\]. Time-activity curves (TACs) of the \[^18^F\]PBR06 signal in the tumor core of the right hemisphere (*green*) and in uninvolved regions of posterior contralateral hemisphere (*blue*) \[[@pone.0141659.ref031]\] suggest preferential uptake and retention of the probe within the tumor ([Fig 3D](#pone.0141659.g003){ref-type="fig"}). Vimentin IHC ([Fig 3E](#pone.0141659.g003){ref-type="fig"}) demonstrated analogous features to the GBM 12055 model ([Fig 2](#pone.0141659.g002){ref-type="fig"}), with dense tumor growth within the injected striatum ([Fig 3G](#pone.0141659.g003){ref-type="fig"}) and infiltrative growth along myelinated fiber tracts in the contralateral hemisphere ([Fig 3F](#pone.0141659.g003){ref-type="fig"}). A view along the axial plane (yellow line in [Fig 3B](#pone.0141659.g003){ref-type="fig"}) also showed strong \[^18^F\]PBR06 uptake in the tumor (right arrow) and lower uptake in the left corpus callosum (left arrow) ([Fig 3H](#pone.0141659.g003){ref-type="fig"}). Confirming that this signal represents selective uptake of probe by malignant cells, correlative TSPO IHC was carried out. [Fig 3I](#pone.0141659.g003){ref-type="fig"} (gross view) shows strong expression of TSPO at the site of tumor injection in the right striatum ([Fig 3K](#pone.0141659.g003){ref-type="fig"}), which decreases in intensity as it progresses between the two hemispheres and into the myelinated fiber tracts in the left hemisphere ([Fig 3J](#pone.0141659.g003){ref-type="fig"}). Of note when comparing the TSPO histology to [Fig 3H](#pone.0141659.g003){ref-type="fig"} is the apparent lack of corresponding \[^18^F\]PBR06 signal between the two hemispheres. This is a direct result of the resolution difference between PET (mm) and microscopy (μm) \[[@pone.0141659.ref032]\]. Comparison of the \[^18^F\]PBR06 signal in the tumor model ([Fig 3H](#pone.0141659.g003){ref-type="fig"}) to a control ([Fig 3L](#pone.0141659.g003){ref-type="fig"}) reveals minimal uptake of the probe under healthy conditions. Confirming that the \[^18^F\]PBR06 signal ([Fig 3H](#pone.0141659.g003){ref-type="fig"}) represented preferential uptake of the probe by neoplastic cells over glioma-associated microglia/macrophages (GAMs), correlative CD68 IHC ([Fig 3M](#pone.0141659.g003){ref-type="fig"}) demonstrated nominal GAM expression within the myelinated fiber tracts of the contralateral hemisphere ([Fig 3N](#pone.0141659.g003){ref-type="fig"}) and in the tumor core ([Fig 3O](#pone.0141659.g003){ref-type="fig"}). This selective uptake of \[^18^F\]PBR06 by TSPO in neoplastic cells in the engrafted tumor core, as well as infiltrative components, was further corroborated in the GBM 12055 model ([Fig 4A--4C](#pone.0141659.g004){ref-type="fig"}).

![Primary human grade III astrocytoma xenotransplant.\
(A) T~2~-weighted MRI (coronal) visualizes advanced tumor in the right hemisphere of the brain. (B) Correlative dynamic PET image (coronal) of same advanced tumor in the right hemisphere of the brain, with \[^18^F\]PBR06 uptake primarily confined to the tumor and co-localizing with tumor tissue visualized by MRI. Top arrows indicate tumor and infiltration into left hemisphere. (C) Fused MRI (A) PET (B) image. (**D**) Time-activity curves of injected \[^18^F\]PBR06 in tumor (*green*) and contralateral brain (*blue*). Correlative vimentin immunohistochemistry: (E) Gross; (F) Tumor + White Matter Tract (40X); (G) Tumor (40X). (H) Correlative dynamic PET image, axial view along yellow line in (B); arrows indicate tumor and infiltration into left hemisphere. Correlative TSPO immunohistochemistry: (I) Gross; (J) Tumor + White Matter Tract (40X); (K) Tumor (40X). (L) Dynamic PET image (axial) of control cohort. Correlative CD68 immunohistochemistry: (M) Gross; (N) Tumor + White Matter Tract (40X); (O) Tumor (40X).](pone.0141659.g003){#pone.0141659.g003}

![Primary human grade IV glioblastoma xenotransplant.\
(A) Dynamic PET image (*coronal*) of advanced tumor in the right hemisphere of the brain with \[^18^F\]PBR06 uptake confined primarily to the tumor. Arrows indicate tumor and infiltration into left hemisphere. (B) Time-activity curves of injected \[^18^F\]PBR06 in tumor (*green*) and contralateral brain (*blue*) \[[@pone.0141659.ref030]\]. (C) Correlative TSPO immunohistochemistry, Tumor + White Matter Tract (40X).](pone.0141659.g004){#pone.0141659.g004}

*In vivo* Displacement of \[^18^F\]PBR06 {#sec016}
----------------------------------------

To assess the specificity of \[^18^F\]PBR06 binding *in vivo*, displacement studies using non-radioactive, 'cold' PBR06 were carried out in rats bearing a tumor from the GBM 12055 cohort. Excess PBR06 (10 mg/kg) was administered intravenously 35 minutes after \[^18^F\]PBR06 injection during the dynamic PET study. Summation of the first 35 minutes of the PET scan, prior to injection of cold PBR06 (0--35 min), demonstrated typical uptake characteristics of \[^18^F\]PBR06 ([Fig 5A](#pone.0141659.g005){ref-type="fig"}). Displacement of \[^18^F\]PBR06 with cold PBR06 was measured by summation of the final 30 minutes of the PET scan (60--90 min) ([Fig 5B](#pone.0141659.g005){ref-type="fig"}). Time--activity curve analysis showed that tumor activity was reduced to less than 10% of its peak uptake following injection of cold PBR06, indicating a displaceable binding level of approximately 90% ([Fig 5C](#pone.0141659.g005){ref-type="fig"}). Confirming that the \[^18^F\]PBR06 signal represented selective uptake of probe by malignant cells, correlative IHC ([Fig 5D](#pone.0141659.g005){ref-type="fig"}) demonstrated strong expression of TSPO within the myelinated fiber tracts and tumor. In further support of \[^18^F\]PBR06 binding specificity, a corresponding transient influx of displaced radiotracer from other TSPO-rich organs, such as kidney, heart, and gonads into normal brain was observed during the cold PBR06 infusion phase (60--90 min), which subsequently washed out rapidly \[[@pone.0141659.ref023]\]. After displacement, residual brain activity reached levels similar to the normal, age-matched control ([S1 Fig](#pone.0141659.s001){ref-type="supplementary-material"}).

![\[^18^F\]PBR06 selectivity in primary human grade IV glioblastoma xenotransplant.\
(A) Dynamic PET image (axial) pre-infusion of cold analog, with \[^18^F\]PBR06 uptake primarily confined to the tumor. (B) Dynamic PET image (axial) post-infusion, showing nearly total displacement of \[^18^F\]PBR06. (C) Time-activity curves of injected \[^18^F\]PBR06 in tumor (*green*) and contralateral brain (*blue*). (D) Correlative TSPO immunohistochemistry, Tumor + White Matter Tract (40X).](pone.0141659.g005){#pone.0141659.g005}

Comparison of \[^18^F\]PBR06 and \[^18^F\]FDG PET Imaging {#sec017}
---------------------------------------------------------

To determine the potential utility of TSPO imaging in relation to another PET tracer currently used for malignant glioma, \[^18^F\]PBR06 was compared to \[^18^F\]FDG in a human grade III astrocytoma (GBM 17182) xenotransplant ([Fig 6](#pone.0141659.g006){ref-type="fig"}). Following T~2~-weighted MRI localization of the tumor ([Fig 6A](#pone.0141659.g006){ref-type="fig"}), PET imaging with \[^18^F\]PBR06 ([Fig 6B](#pone.0141659.g006){ref-type="fig"}) revealed uptake of the probe within the region of T~2~ signal changes (right arrow) and infiltrative growth in the contralateral hemisphere (left arrowheads). In contrast, \[^18^F\]FDG PET imaging demonstrated higher uptake in the normal brain relative the region of T~2~ signal abnormality, resulting in poor image contrast ([Fig 6C](#pone.0141659.g006){ref-type="fig"}). IHC confirmed robust TSPO expression in the tumor ([Fig 6D](#pone.0141659.g006){ref-type="fig"}).

![Side-by-side PET comparison of \[^18^F\]PBR06 and \[^18^F\]FDG in a primary human grade III astrocytoma xenotransplant.\
(A) T~2~-weighted MRI (*coronal*) visualizes advanced tumor in the right hemisphere of the brain. (B) \[^18^F\]PBR06 uptake (*coronal*) is primarily confined to the tumor and co-localizes with tumor tissue visualized by MRI. Arrows indicate tumor and infiltration into left hemisphere. (C) \[^18^F\]FDG uptake (*coronal*) in normal brain is higher than tumor tissue, resulting in poor imaging contrast. (D) Correlative TSPO immunohistochemistry, Tumor + White Matter Tract (40X).](pone.0141659.g006){#pone.0141659.g006}

Discussion {#sec018}
==========

Neuroimaging serves many critical roles in the management of patients with malignant glioma by guiding diagnostic procedures, planning radiation therapy, and assessing treatment outcomes. Clinically, MRI remains the most useful imaging modality despite its lack of sensitivity and specificity for detecting infiltrative and residual disease, as well as radiation necrosis. Of note, magnetic resonance spectroscopy (MRS), an adjunct of MRI, has the potential to reflect metabolism in human glioma through quantification of biomarkers of tumor metabolism, membrane turnover, and proliferation as ratios between glucose, choline, and creatine, respectively. However, a recent meta-analysis showed that MRS alone, using such metabolite ratios, only demonstrates moderate diagnostic performance in differentiating glioma recurrence from radiation necrosis. As such, it is recommended this technique be combined with other imaging technologies to improve diagnostic accuracy, with future research efforts directed towards multimodal imaging trials and multicenter trials \[[@pone.0141659.ref033]\].

Accordingly, molecular imaging with PET stands as a viable alternative, though currently only utilized to a limited extent. Beyond \[^18^F\]FDG, the only reimbursed tracer for oncology, other tracers such as \[^11^C\]MET, \[^18^F\]FET, and \[^18^F\]DOPA have been explored to various extents with mixed results and limitations related to tracer half-life, background signal, and/or blood brain barrier permeability \[[@pone.0141659.ref003]\].

The studies presented herein sought to extend our original observation that \[^18^F\]PBR06 may possess utility in targeting TSPO for brain tumor imaging \[[@pone.0141659.ref019]\]. Focusing primarily on comparing low grade to high grade, we constructed a human glioma TMA consisting of grade I and grade III/IV samples. While TSPO staining was detected in all tumor specimens, the high grade samples overall showed a much greater presence of TSPO than that of the low. The xenotransplant models developed for this study using high-grade (III, IV) clinical specimens, in addition to being more clinically relevant than less infiltrative C6 glioma models, allowed evaluation of imaging metrics within the context of microscopic tumor infiltration. As with the original mouse model \[[@pone.0141659.ref025]\], important pathological features of malignant glioma were recapitulated in the rat model, including infiltrative growth and invasion of the corpus callosum to involve the contralateral hemisphere. Upon orthotopic xenotransplantation, the tumors retained not only the histopathological features of the original specimen, but also key molecular features \[[@pone.0141659.ref026]\], including elevated TSPO expression. This data agrees with previous work of Miettinen *et al*., who in addition to reporting the close association of TSPO expression with cell proliferation and tumor malignancy, also noted that tumors expressing high levels of TSPO showed a tendency for poor survival \[[@pone.0141659.ref034]\].

Molecular imaging studies with the TSPO PET ligand \[^18^F\]PBR06 revealed selective and targeted uptake not only in engrafted tumor, but infiltrative growth in the opposite hemisphere previously undetected by our T~2~-weighted MRI scans. High specificity of \[^18^F\]PBR06 for TSPO within the target tissue was confirmed when 90% of the radiotracer was displaced by unlabeled, 'cold' PBR06. Correlative IHC confirmed robust expression of TSPO in both tumor and the infiltrated fiber tracts of the contralateral hemisphere. Moreover, correlative CD68 IHC demonstrated nominal glioma-associated microglia/macrophage (GAM) expression within the same areas. Together, these verified that the \[^18^F\]PBR06 signal represented preferential uptake of the probe by TSPO in neoplastic cells over GAMs. These results agree with Su *et al*.'s recent work that looked at TSPO expression in tumor tissue and GAMs, wherein they demonstrated using \[^11^C\]PK11195 PET that TSPO is predominantly expressed in neoplastic cells, with GAMs only partially contributing to the PET signal \[[@pone.0141659.ref035]\]. Exploratory studies comparing \[^18^F\]PBR06 to the most widely applied radiotracer for brain tumor assessment, \[^18^F\]FDG, showed a level of preferential uptake of \[^18^F\]PBR06 within the tumor tissue that merits further investigation.

Conclusion {#sec019}
==========

The objective of this preliminary study was to evaluate the correlation between TSPO expression and glioma grade (low, high) in clinical samples, and to explore the utility of \[^18^F\]PBR06 to assess TSPO expression in a clinically relevant rat glioma model. In the clinical samples, TSPO levels proved highest in grade III and IV infiltrating gliomas, whereas low-grade tumors (grade I pilocytic astrocytoma) expressed TSPO levels just above non-tumor background, suggesting that TSPO PET could potentially serve as a non-invasive indicator of glioma grade and better evaluate disease extent, especially white-matter infiltration, compared to current standard-of-care imaging. Preliminary PET imaging with the developed rat model using \[^18^F\]PBR06 revealed infiltrative glioma growth previously undetected by traditional MRI. Continued study and development of both probe and model appear warranted. Using this model, future high-affinity TSPO ligands could be vetted for translation to human cancer imaging studies and ultimately the clinic, where surgical resection could be better guided by more accurate enhancement of invasive tumor margins. Determining whether TSPO PET better delineates the true extent of tumor involvement as compared to MRI in patients with malignant glioma warrants further study, as it would have important clinical implications for detection, therapy planning, and post-treatment monitoring.
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###### Normal, age-matched control.

\(A\) Dynamic \[^18^F\]PBR06 PET image (coronal). (B) Time-activity curve of injected \[^18^F\]PBR06 in brain.

(TIF)

###### 

Click here for additional data file.
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